The water solubilization of nanoparticles is key for many applications in biomedicine. Despite the importance of surface functionalization, progress has been largely empirical and very few systematic studies have been performed. Here we report on the water solubilization of QDs using lipid encapsulation. We systematically evaluate the monodispersity, zeta potential, stability, and quantum yield (QY) for QDs encapsulated with single and double acyl chain lipids, pegylated double acyl chain lipids, and single alkyl chain surfactant molecules with charged head groups. We show that charged surfactants and pegylated lipids are important to obtain monodisperse suspensions with high yield and excellent long-term stability.
Introduction
Quantum dots (QDs) possess unique optical properties such as a narrow emission peak, a broad excitation spectrum, and strong resistance to photobleaching. 1, 2, 3 The unique combination of optical properties have led to intense interest, particularly for biomedical applications. [4] [5] [6] [7] [8] However, a major challenge in this field has been the transfer of QDs to water. 9, 10 The ability to transfer nanoparticles from organic solvents to water is not trivial. Many approaches for water solubilization have been explored, including: exchanging the native surfactants used in synthesis for thiols or silanes, functionalization with oligomers, dendrimers, saccharides, and polymers such as polyethylene glycol (PEG). 7, [10] [11] [12] Other strategies, include functionalization with peptides or proteins, 13 or encapsulation with an inorganic material such as silica. 14, 15 Recently, lipid coating has been explored for water solubilization of a wide range of nanoparticles, including QDs. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Despite the critical need for water solubilization and surface functionalization of QDs for biomedical applications, progress has been largely empirical with few systematic studies describing the effectiveness of the different strategies. Indeed, water solubilization is often the roadblock in using QDs in biology and medicine. To evaluate functionalizing schemes for water solubilization there are three key requirements: (1) the QDs should be monodisperse and not aggregate, (2) the QD suspension should be stable for at least several days, and (3) there should be minimum attenuation in the QY. Additionally, the functionalization scheme should allow for incorporation of ligands for conjugation of other molecules, such as antibodies, and should be straightforward, preferably involving commercially available reagents.
In light of these requirements, lipid coating of QDs offer an attractive method for water solubilization for several reasons. First, compared to other methods for water solubilization, lipid coating minimizes the overall size of the surface functionalized QD. Since lipids are typically about 2 nm in length, lipid encapsulation increases the size of the functionalized QD by about 4 nm plus the size of any functional groups. For in vivo applications where clearance may be an issue, the ability to minimize the size of the QD can be important. Second, lipid encapsulation is straightforward, taking advantage of the hydrophobic QD surface and the amphiphilic lipids to drive the formation of an outer layer analogous to the outer leaflet in a lipid bilayer or vesicle. Third, many lipids are commercially available, including those with single and double acyl chains, head groups with ligands that can be used for covalent conjugation, and pegylated lipids. This wide range of available lipids and surfactants provides flexibility in designing lipid coatings with multiple components required for specific applications. Finally, lipid coating is a biomimetic approach to water solubilization since lipid coated quantum dots in the size range from 12 -15 nm are mimics of high density lipoprotein particles in the body.
To enable the widespread use of QDs in a broad range of biomedical applications, it is essential to understand the influence of lipid composition on the monodispersity and stability of QD suspensions in water. Here we report on the quantitative characterization of the physicochemical properties of lipid coated QDs using a combination of absorbance, dynamic light scattering (DLS), zeta potential and QY to assess surface functionalization and stability. We consider a wide range of lipids including single and double acyl chain lipids, the incorporation of charged lipids, and the incorporation of pegylated lipids.
Methods
Chemicals n-Hexadecylamine (HDA, 90%), trioctylphosphine oxide (TOPO, 90%), trioctylphosphine (TOP, 90%), tributylphosphine (TBP, 97%), stearic acid (SA, 95%), octadecylamine (ODA, 99%) and 1-dodecanethiol (98%) were purchased from Sigma Aldrich (St. Louis, Missouri) and used without further purification. The precursors CdO (99.95%), Se (99.99%), Cd(C 2 H 3 O 2 ) 2 ·2H 2 O (98%), Zn(C 18 H 35 O 2 ) 2 (Tech Grade), and bis(trimethylsilyl) sulfide ((TMS) 2 S, purum) were purchased from Sigma Aldrich. MHPC, DSPE-PEG2k, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lauroyl) (sodium salt) (DPPE-COOH), 1,2-dipalmitoyl-snglycero-3-phosphoethanolamine-N-(lauroylamine) (DPPE-NH 2 ) were purchased from Avanti Polar Lipids (Alabaster, Alabama). Hexane, methanol, chloroform and ethanol were HPLC grade.
Synthesis of CdSe/(Cd,Zn)S QDs
CdSe cores were synthesized from CdO and Se in TOPO and HDA (Supporting Information). The average QD diameter, determined from analysis of TEM images, was 6.0 nm corresponding to a peak photoluminescence of 600 nm. 26 The CdSe QDs were passivated with a (Cd,Zn)S shell (Supporting Information). The concentration of the QDs in chloroform was determined from the absorbance at 350 nm using Beer's Law (A =εlc) and an extinction coefficient ε =1.438 × 10 26 × r 3 (cm 2 mol −1 ). 27 The average thickness of the shell, determined from analysis of TEM images, was 0.95 nm resulting in an overall core/ shell diameter of 7.9 nm. 28 
CdSe(Cd,Zn)S thiolation
The native HDA/ODA ligands were displaced by incubating the core/shell QDs in chloroform with dodecanethiol (DDT) (Supporting Information).
Lipid coating
The lipids were dissolved in chloroform and mixed with a suspension of QDs in chloroform. The mixture of QDs and lipids in chloroform was then added dropwise to water and sonicated prior to raising the temperature to drive off the chloroform (Supporting Information).
Characterization
Absorbance spectra were obtained using a Varian Cary 50 UV/Vis Spectrophotometer (Agilent Technologies, Santa Clara, CA). For CdSe(Cd,Zn)S QDs suspended in chloroform it was necessary to dilute the starting solution. Typically, 2 µL QD suspension was added to 700 µL chloroform in a quartz cuvette. For water solubilized QDs, dilution was not necessary and the entire sample was used for absorbance measurements.
The effectiveness of water solubilization was determined by the fraction of QDs recovered after water solubilization and filtration. The fraction recovered is defined as the number moles of QDs recovered after water solubilization and filtration normalized to the number of moles of QDs in chloroform prior to water solubilization.
The stability of the QD suspensions was determined at different times after water solubilization using absorbance measurements. The QD suspension was filtered through a 200 nm, PTFE 13 mm diameter syringe filter prior to each measurement. The fraction of QDs recovered was determined as described above. The QY was obtained using a C9920-02 Quantum Yield Measurement System (Hamamatsu, Japan) (Supplemental Information). Particle size distributions and zeta potential were obtained using a Nano Zetasizer (Malvern, Worcestershire, UK) (Supplemental Information). Error bars represent the standard error. Student's t-tests with unpaired variance were used for statistical comparisons.
RESULTS
Quantum dots were encapsulated with an outer leaflet consisting of lipids with either single or double acyl chains and surfactant molecules. A summary of the lipid compositions and results is provided in Table 1 . SA and ODA are surfactant molecules with C18 alkyl chains and terminal carboxylic acid or amine groups, respectively, that can introduce charge into the lipid encapsulation layer depending on the pH. MHPC is a zwitterionic phospholipid with a single C14 acyl chain. DSPE and DPPE are zwitterionic phospholipids with double C18 or C16 acyl chains, respectively. In addition, we studied water solubilization with modified DPPE lipids incorporating charged carboxylic acid or amine groups on a short C11 spacer (DPPE-COOH, DPPE-NH 2 ), and incorporating a 2000 kDa polyethylene glycol group attached to the head group of the phospholipid (DSPE-PEG2k). The inner leaflet was formed from the native surfactants TOPO and HDA used in the synthesis, or DDT after surfactant exchange. Figures 1 and 2 show results for lipid functionalization of QDs with an MHPC/SA or MHPC/ODA outer leaftlet and a TOPO/HDA inner leaflet. Each figure shows absorbance spectra before and after water solubilization, the fraction of QDs recovered after water solubilization, size distributions, zeta potential as a function of SA or ODA concentration, and the stability versus time. The fraction of QDs recovered, determined from the absorbance at 350 nm, is a measure of the effectiveness of water solubilization since any aggregates larger then 200 nm are removed in the filtration step. Similar results were obtained for QDs with a DDT inner leaflet. Figure 3 shows the quantum yield versus SA and ODA concentration for MHPC/SA and MHPC/ODA functionalized QDs with either TOPO/ HDA or DDT inner leaflet.
Figures 4a and 4b show the fraction recovered and zeta potential for lipid functionalization with 80 mol% MHPC, 20 -× mol% DPPE, and × mol% DPPE-COOH or DPPE-NH 2 . Figure 4c shows the time dependence of the fraction recovered for QDs functionalized with 80 mol% MHPC and 20 mol% DPPE-COOH or DPPE-NH 2 .
Figures 5a -5c show the fraction recovered, size distributions, and zeta potential for QDs functionalized with MHPC and DSPE-PEG2k. Figure 5d shows the fraction recovered versus time for QDs functionalized with 80 mol% MHPC and 20 mol% DSPE-PEG2k. Figures 6a -6e show the fraction recovered, zeta potential, size distributions (10 mol% and 20 mol% DSPE-PEG2k), and quantum yield for QDs with a DDT inner leaflet and an ODA/ MHPC/DSPE-PEG2k outer leaflet (30 mol% ODA) versus the concentration of DSPEPEG2k. Figure 6f shows the fraction recovered versus DSPE-PEG2k concentration after incubation in 100 mM phosphate buffer for 1 h. Figure 1a shows a schematic illustration of lipid functionalization of QDs with MHPC and SA on unthiolated QDs. The absorbancƒe spectra for the HDA/TOPO modified QDs in chloroform and the lipid coated QDs in water (Figure 1b) show the same features with an absorbance onset at about 655 nm, a first exciton peak at 600 nm, and a second exciton peak at about 500 nm. Figure 1c shows the fraction of QDs recovered after water solubilization and filtration versus the mole fraction of SA (c SA /(c SA + c MHPC )) in bulk solution. The fraction recovered increases from about 6% (Figure 1c) for QDs with an outer leaflet of 100% MHPC, to a maximum of more than 60% recovered at higher SA concentrations. These results indicate that the single acyl chain phospholipid alone is not particularly effective in minimizing aggregation and sedimentation, but the progressive addition of SA increases the colloidal stability in water.
DISCUSSION

SA and MHPC outer leaflet and HDA/TOPO inner leaflet
Size distributions for QDs with 20 mol% and 30 mol% SA (Figure 1d) show a single peak with average sizes of 13.6 ± 1.0 nm and 15.2 ± 1.2 nm, respectively. The average diameter of the CdSe/(Cd,Zn)S QDs is about 8 nm. Taking the thickness of the HDA/TOPO inner leaflet as 1 nm and the MHPC/SA outer leaflet as 2 nm, the diameter of a single functionalized QD is expected to be about 14 nm, in excellent agreement with the values obtained from the size distributions in water. These results confirm that a lipid monolayer is formed on the surface of the HDA/TOPO modified QDs and that the QDs are monodisperse.
The initial increase in fraction recovered with SA concentration indicates that the incorporation of negative charge into the outer leaflet of the lipid layer increases the stability of the QDs in water. The zeta potential for QDs functionalized with 100% MHPC is in the range 1 -10 mV, but decreases linearly with increasing SA concentration in bulk solution (Figure 1e ). Since the QDs are suspended in distilled water we expect that only a fraction of the carboxylic acid groups on the SA are deprotonated. The incorporation of negative charge onto the QD surface can be determined from the zeta potential. For a spherical particle, the zeta potential ζ is given by: 29 (1) where r is the particle radius, q is the charge on the particle (C), ε is the relative permittivity, ε 0 is permittivity of free space (8.854 × 10 −14 F cm −1 ), and λ −1 is the Debye length. λ is given by: (2) where e is the charge on the electron, N A is Avogadro's number, I is the ionic strength (½Σ z i 2 c i ), k is the Boltzmann constant, and T is temperature.
The surface concentration of charged lipids on the QDs can be calculated from the zeta potential using eq. (1). To calculate the Debye length, the ionic strength I was related to the conductivity κ using the empirical expression derived for low conductivity (<10 −3 S cm −1 ) solutions (Supporting Information): 30
The conductivities of the QD suspensions varied from about 58 × 10 −6 S cm −1 to about 84 × 10 −6 S cm −1 and were independent of lipid concentration. The solid line in Figure 1e shows a least squares fit to eq. (1) using r =7 nm, ε =80, and q as an adjustable parameter. The Debye length, calculated from the conductivity measured for each sample, ranged from 10.9 to 12.4 nm. From the fit we determine that 4.6% of the SA groups are charged (deprotonated). The excellent agreement over the whole concentration range indicates that incorporation of SA is related to the concentration in the bulk solution and the pK a and is not influenced by other effects.
The number of charged SA groups on a QD can be calculated in the following way. We take the footprint of SA as 0.2 nm 2 31 and the footprint for MHPC as 0.50 nm 2 . 32 For a diameter of 12 nm, corresponding to the midpoint of the outer leaflet, we estimate a total of about 865 lipids on the surface (see Supplemental Information for details), and hence 12 charged SA molecules at a concentration of 30 mol% SA.
As shown in Figure 1e , the zeta potential decreases linearly up to 50 mol% SA, corresponding to about 20 charged SA groups. We can estimate the maximum number of charged groups that can be accommodated before electrostatic repulsion becomes significant in the following way. The interaction energy E(r) between two point charges at separation r is given by E(r) =q 1 q 2 /(4pεε 0 r). If we take the screening length as the distance at which the energy falls to 1/e(kT), then the screening length for two unit charges in water (ε = 80) is about 2 nm (Supporting Information). Taking a diameter of 12 nm, the maximum number of charged lipids per QD is estimated to be 28, suggesting that the value of 20 obtained at 50 mol% SA is close to the maximum that can be accommodated.
The long-term stability of the QD suspensions was determined by measuring the fraction of QDs recovered after water solubilization and filtration as a function of time. Figure 1f shows the fraction recovered for an outer leaflet with 25 mol% SA versus time, indicating that after water solubilization, the suspension remains stable with little aggregation or precipitation for at least 2000 h (~3 months). There is a strong correlation between zeta potential and fraction recovered (Supporting Information) indicting that charge incorporation plays a significant role in the stability and monodispersity of lipid coated QDs.
ODA and MHPC outer leaflet and HDA/TOPO inner leaflet
Having characterized the functionalization of QDs with incorporation of negative charge (SA), we next studied the incorporation of positive charge by using ODA (Figure 2a) . Figure  2b shows the absorbance spectra before and after water solubilization and filtration for QDs with 20 mol% ODA indicating a relatively small loss due to precipitation and aggregation. 
SA/MHPC or ODA/MHPC outer leaflet and dodecanethiol inner leaflet
The preceding work examined the influence of the outer leaflet composition on the physicochemical properties of QDs in water. In these experiments the inner leaflet is formed by HDA and TOPO that weakly adsorb to the QD surface during synthesis. To determine whether alkanethiols could increase the stability, we characterized QDs where the HDA/ TOPO surface layer was displaced by 1-dodecanethiol. Thiolated QDs were then water solubilized using the same outer leaflet as unthiolated QDs and assessed using the same quantitative measurements. For both SA/MHPC and ODA/MHPC outer leaflets, there was no significant difference in the fraction recovered, monodispersity, zeta potential, or longterm stability with TOPO/HDA or DDT as the inner leaflet (Supporting Information).
Although there was no significant difference in physicochemical properties of QDs with a TOPO/HDA or DDT inner leaflet, the QY was significantly higher for QDs with a DDT inner leaflet (see Figure 3) . For an SA/MHPC outer leaflet, the QY is weakly dependent on the SA concentration, however, the average value increases from 20.9 ± 1.9% before thiolation to 32.2 ± 2.5% after thiolation. The QY for the ODA/MHPC functionalized QDs increased from 29.7 ± 1.1% before thiolation to 46.9 ± 3.8% after thiolation with a maximum of 62%. Thiolation has been reported to passivate surface states and increase the photoluminescence. 33 As seen from the absorbance spectra (Supporting Information), thiolation strongly influences the electronic coupling of the inner leaflet, and hence it is not surprising that the quantum yield is also increased significantly.
DSPE/MHPC or DPPE/MHPC outer leaflet and TOPO/HDA inner leaflet
To compare encapsulation with single and double acyl chains, we water solubilized QDs with MHPC and the zwitterionic phospholipid DSPE. The fraction of QDs recovered after water solubilization was 20 -30% up to a bulk DSPE concentration of 20 mol%, but decreased at higher concentrations (Supporting Information). The fraction recovered for the shorter palmitoyl phospholipid DPPE was found to be similar to DSPE. The zeta potential for QDs with DSPE and DPPE in the outer leaflet was in the range from 5 -15 mV, only slightly higher tha n the range observed for QDs functionalized with 100 mol% MHPC. This result is expected given that both DSPE and DPPE are zwitterionic. The size distribution for QDs with 20 mol% DSPE showed a single peak with an average particle size of 16.7 ± 2.1 nm, slightly higher than for SA/MHPC or ODA/MHPC functionalization, presumably reflecting the slightly longer double acyl chain phospholipid. The QDs with 20 mol% DSPE remain stable for 3 -4 days, significantly lower than the stability of the SA/MHPC or ODA/ MHPC modified QDs. Comparable stability results were observed for DPPE. These results suggest that the incorporation of more than 20 mol% of a double acyl chain lipid decreases monodispersity and stability. This effect is ascribed to the difficulty in accommodating the high curvature of the quantum dots with the double acyl chain lipids. The average head group spacing is expected to increase with increasing curvature resulting in progressive deviation from a parallel alignment of lipids and increasing permeability to solvent molecules.
DPPE-COOH/MHPC or DPPE-NH 2 /MHPC outer leaflet and TOPO/HDA inner leaflet
The stability of QDs encapsulated only with single or double acyl chain lipids (MHPC, MHPC/DSPE, or MHPC/DPPE) was not as good as for QDs incorporating charged lipids in the outer leaflet. Therefore, we characterized the physicochemical properties of QDs with an outer leaflet incorporating DPPE with a terminal amine (DPPE-NH 2 ), or carboxylic acid (DPPE-COOH) group at the end of a C11 spacer. In these experiments, the concentration of the single acyl chain MHPC lipid was fixed at 80 mol%. The fraction of QDs recovered (Figure 4a ) is relatively independent of DPPE-NH 2 concentration, but increases slightly with DPPE-COOH concentration, reaching a maximum of 43% recovered at 20 mol% DPPE-COOH. Thiolation of the QDs prior to formation of the outer leaflet did not significantly influence the fraction of QDs recovered after water solubilization. This result suggests that the addition of negatively charged, double acyl chain phospholipids only moderately improves the fraction of QDs recovered, and no improvement is seen with positively charged lipids.
The zeta potential for QDs functionalized with MHPC and DPPE-COOH is shown in Figure  4b . Increasing the concentration of DPPE-COOH results in a progressive decrease in the surface charge, as can be seen from the negative slope. From the fit, using a QD radius of 7.5 nm to reflect the larger hydrodynamic radius, we determine that 12.3% of the DPPE-COOH molecules in the surface layer are charged (deprotonated). This result indicates that incorporation of phospholipids with charged groups on short spacers is more effective than single alkyl chain surfactants at introducing surface charge, however, the single alkyl chain surfactant is more effective in producing a stable suspension in water.
In contrast, the zeta potential for QDs functionalized with DPPE-NH 2 was independent of concentration. This is surprising since it indicates that either the DPPE-NH 2 is not incorporated into the outer leaflet, or that the DPPE-NH 2 is unprotonated and hence neutral. The fraction of QDs recovered is plotted versus time in Figure 4c for 20 mol% DPPE-NH 2 and 20 mol% DPPE-COOH. The QDs remain stable for about 50 h, however, the fraction recovered remains significantly higher for those functionalized with DPPE-COOH due to the large negative zeta potential. These results suggest that charged, double acyl phospholipids are not as effective as single alkyl chain lipids for water solubilization.
DSPE-PEG2k/MHPC outer leaflet and TOPO/HDA inner leaflet
Pegylated lipids are often used for nanoparticle functionalization. Figure 5a shows the fraction of QDs recovered after water solubilization with MHPC/DSPE-PEG2k, illustrating that the fraction recovered increases to around 40% for 20 -50 mol% DSPE-PEG2k. The average size of QDs functionalized with 20 mol% DSPE-PEG2k (Figure 5b ) is 20.5 ± 0.9 nm. This is about 4 nm larger than the value of 16.7 nm measured for QDs functionalized with 20 mol% DSPE, indicating that the polyethylene glycol groups increase the average hydrodynamic size by about 4 nm. The radius of gyration of a polymer is given by: (5) where a is the persistence length and N is the number of monomers. Taking a =0.35 nm for the C-O-C monomer unit, 34 we obtain a diameter of 2 nm for PEG2k. Thus we expect an increase in diameter of about 4 nm for a QD coated with a PEG2k lipid. For concentrations less than 20 mol% DSPE-PEG2k, the fraction of QDs recovered and particle size distributions were not reproducible. In contrast, at concentrations =20 mol% DSPE-PEG2k, the results were reproducible with a fraction recovered of about 40% and an average particle size of about 21 nm ( Figure 5 ).
The addition of DSPE-PEG2k results in a decrease in the zeta potential from 1.6 ± 0.2 mV to approximately −9 mV for 10 -50 mol% DSPE-PEG2k (Figure 5c ). Figure 5d demonstrates that QDs with 20 mol% DSPE-PEG have good stability over about 500 h, with a fraction of QDs recovered maintained above 30%. In summary, the incorporation of pegylated lipids results in a negative zeta potential that is sufficiently large to produce monodisperse suspensions with moderately high fraction recovered after water solubilization.
ODA/MHPC|DSPE-PEG2k outer leaflet and DDT inner leaflet
To introduce charged groups into QDs functionalized with double acyl chain phospholipids, we studied QDs functionalized with ODA/MHPC/DSPE-PEG2k (Figure 6a ). For these experiments the inner leaflet was DDT and the ODA concentration in the outer leaflet was fixed at 30 mol%. The ODA concentration was selected due to the high fraction recovered and high quantum yield (Figure 3b ) observed for ODA/MHPC functionalized QDs. The fraction of QDs recovered after water solubilization (Figure 6b ) is very high but surprisingly decreases progressively with increasing DSPE-PEG2k concentration. In comparison to QDs functionalized with MHPC/DSPE-PEG2k ( Figure 5 ), the presence of the ODA increases the fraction recovered dramatically, at least for lower DSPE-PEG2k concentrations. In contrast, the presence of ODA does not improve the stability, as measured by the fraction recovered, at higher DSPE-PEG2k concentrations. The fraction recovered for ODA/DSPE-PEG2k/ MHPC at 20 mol% was about 25%, consistent with DSPE-PEG2k/MHPC where the fraction recovered was about 35% at 20 mol%. This effect is likely due to PEG groups screening ODA at higher at DSPE-PEG2k, as can be seen from the progressive decrease in magnitude of the zeta potential (Figure 6c ).
The zeta potential for QDs with 30 mol% ODA and different concentrations of DSPEPEG2k (Figure 6c ) decreased from 37.3 ± 0.3 mV to 22.3 ± 0.3 mV at 20 mol% DSPE-PEG2k. This decrease is similar to the decrease in fraction recovered and supports the hypothesis that increasing the mole fraction of DSPE-PEG2k progressively decreases the fraction of charged ODA groups in the lipid layer.
The size distributions for QDs with 10 mol% and 20 mol% DSPE-PEG2k show that the particles are monodisperse with no aggregation. The average diameters of 16.0 ± 0.5 nm and 17.8 ± 0.6 nm, respectively, are smaller than MHPC/DSPE-PEG2K but larger than MHPC/ ODA. The QY was 60%, independent of DSPE-PEG2k concentration (Figure 6e) . A similarly high QY was observed for thiolated QDs with ODA/MHPC (Figure 3b ), suggesting that thiolation and the incorporation of a positively charged lipid both contribute to the increase.
An advantage of PEG lipids for functionalization of nanocrystals is the additional stability provided in high ionic strength buffers. The fraction of water-soluble QDs recovered after suspending in 100 mM phosphate buffer is 60 -70% at low DSPE-PEG2k concentrations (Figure 6f ), but increases significantly at higher DSPE-PEG2k concentrations. These results demonstrate that QDs functionalized with ODA/MHPC/DSPE-PEG2k remain monodisperse and maintain good stability even in buffer.
We have systematically investigated the physicochemical properties of QDs functionalized with a range of commercially available single and double acyl chain lipids, pegylated double acyl chain lipids, and single alkyl chain surfactant molecules with charged head groups and demonstrate that monodisperse suspensions with a very high fraction of QDs recovered after water solubilization and excellent stability can be achieved. High stability and monodispersity can be achieved with a single acyl chain lipid combined with a charged surfactant. The addition of more than 20 mol% of a double acyl chain zwitterionic lipid to a single acyl chain lipid encapsulation layer results in a decrease in stability due to the high curvature. The addition of a pegylated double acyl chain lipids results in a small negative zeta potential and moderate stability. A combination of single acyl chain lipids, double acyl chain pegylated lipids, and charged surfactants results in excellent stability in water or buffer. Replacing the native TOPO/HDA surfactants with 1-dodecanethiol does not significantly influence the monodispersity and stability of the colloidal suspensions but dramatically increases the QY in water.
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